Well-resolved vibrational spectra of LH2 complex isolated from two photosynthetic bacteria, Rhodobacter sphaeroides and Ectothiorhodospira sp., were obtained using surface-enhanced resonance Raman scattering (SERRS) exciting into the Q x and the Q y transitions of bacteriochlorophyll a. High-quality SERRS spectra in the Q y region were accessible because the strong fluorescence background was quenched near the roughened Ag surface. A comparison of the spectra obtained with 590 nm and 752 nm excitation in the mid-and low-frequency regions revealed spectral differences between the two LH2 complexes as well as between the LH2 complexes and isolated bacteriochlorophyll a. Because peripheral modes of pigments contribute mainly to the low-frequency spectral region, frequencies and intensities of many vibrational bands in this region are affected by interactions with the protein. The results demonstrate that the microenvironment surrounding the pigments within the two LH2 complexes is somewhat different, despite the fact that the complexes exhibit similar electronic absorption spectra. These differences are most probably due to specific pigment-pigment and pigment-protein interactions within the LH2 complexes, and the approach might be useful for addressing subtle static and dynamic structural variances between pigment-protein complexes from different sources or in complexes altered chemically or genetically.
INTRODUCTION
The antenna system in photosynthetic bacteria is composed of three major types of pigment-protein complexes located *To whom correspondence should be addressed at: National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, CO 80401, USA. Fax: 303-384-6150; e-mail: mikeseibert@nrel.gov †This paper is dedicated to the memory of our colleague and dear friend, Therese M. Cotton, whose bravery, counsel and commitment to science inspired us to the very end. ‡Current address: Department of Chemistry, Clemson University, Clemson, SC, USA.
in the chromatophore membrane that absorb light and funnel excitation energy to the reaction center (RC) § complex where primary photochemistry occurs (1) . The core antenna (called LH1 or B880) is closely associated with and physically surrounds the RC (2, 3) , and it exhibits a 1:1 ratio with the RC on a complex basis, independent of light intensity or other growth conditions. The peripheral antenna or LH2 complex (also called B800-850) is located further away from the RC complex, and its stoichiometry is highly dependent on growth conditions (4) . In certain purple bacteria, a third antenna or LH3 complex (also called B800-820) appears to be a variation of the LH2 and is induced by specific mutations that modify interactions of the B850 pigments. These modifications cause a blueshift of the normal B850 absorption band (5, 6) . The basic structural subunit of all known light-harvesting (LH) complexes consists of two small ϳ6 kDa polypeptides (termed ␣ and ␤), 2-3 bacteriochlorophylls (Bchl) and 1-2 carotenoids (7, 8) . By use of surface-enhanced resonance Raman scattering (SERRS) spectroscopy (a distance-sensitive technique) we demonstrated that the carotenoids are preferentially located near the membrane's cytoplasmic surface (9) , in contrast to the case of higher plant thylakoids where the carotenoids are located near the surface of both sides of the membrane (10) . Both of these observations have now been confirmed by crystallography techniques (11) (12) (13) . All LH2 complexes have similar but not identical electronic absorption spectra with two characteristic bands at around 800 and 850 nm called B800 and B850. The precise maxima can vary with species. The overall supramolecular structure of LH2 also varies between species, though all seem to be cylindrically shaped (circular looking down onto the plane of the membrane). The three-dimensional crystal structure of LH2 from Rhodopseudomonas (Rp.) acidophilia (11) shows nine subunits in a cylindrical arrangement, whereas the three-dimensional crystal structure of LH2 complex from Rhodospirillum (Rs.) molischianum (12) appears to have an octomeric arrangement. Electron microscopy and single par§Abbreviations: Bchl, bacteriochlorophyll; LDAO, lauryldimethylamine oxide; LH, light-harvesting; RC, reaction center; RR, resonance Raman; SERRS, surface-enhanced resonance Raman scattering.
ticle image analysis suggest that the LH2 complex from Rhodobacter (Rb.) capsulatus (14) and Rhodovulum sulfidophilum (15) have a nonameric arrangement and that LH2 from Ectothiorhodospira sp. has an octameric supramolecular structure (14) . LH2 complexes isolated from various sources also show very different behavior with respect to detergent, salt, light, pH and other treatments. For example, the B850 band of LH2 complex from both Ectothiorhodospira sp. (16) and Rb. sulfidophilus (17) is very sensitive to salt, detergent and pH treatments that induce significant blueshifts concomitant with hypochromatism. However, these treatments have no apparent effect on the B800 band. In contrast, the B800 band of Rb. sphaeroides LH2 is sensitive to freezing and thawing in the presence of strong light (18) and lithium dodecyl sulfate treatment (19) . B800 is also affected by controlled proteolysis in Rb. capsulatus (20) and sodium borohydride treatment in Rp. acidophilia (21) . These treatments have little effect on the B850 band with the exception that in Rp. acidophilia the B850 band is very sensitive to controlled proteolysis (22) . Finally, the presence of a chemical oxidant such as ferricyanide has a greater effect on the B800 band than on the B850 band in Rb. sphaeroides, but the effect is less in Ectothiorhodospira sp. (23) .
All of these results suggest that the microenvironment surrounding the chromophores is quite different depending on the source of the LH2 complex. Thus, the structure of the vibrational modes within those microenvironments should be especially sensitive to the variations. Resonance Raman (RR) spectroscopy should in principle be a suitable technique to detect these variations and differentiate between different types of LH2 complexes. Furthermore, the expected differences should be more pronounced in the mid-and lowfrequency spectral regions where small differences in pigment-pigment and/or pigment-protein interactions have larger impact on mode structure (24, 25) . In the current study, we demonstrate that this is the case for LH2 complex from two phylogenetically separated species (Rb. sphaeroides 2.4.1 and Ectothiorhodospira sp.).
MATERIALS AND METHODS
Antenna complexes. LH2 complex from phototrophically grown Rb. sphaeroides 2.4.1 was isolated essentially as described by Picorel and Gingras (26) . Chromatophores (OD 850 ϭ 50) depleted of RC-LH1 core, obtained after solubilization with Triton X-100 and sodium dodecyl sulfate in 50 mM sodium phosphate (pH 7.0) buffer, were further treated with 1% (wt/vol) lauryldimethylamine oxide (LDAO) for 30 min at 4ЊC. The suspension was then diluted fivefold with 50 mM phosphate (pH 7.0) and centrifuged at 27 000 g for 10 min. The resultant supernatant was dialyzed overnight against 50 mM Tris-HCl (pH 8.0) buffer containing 0.05% (wt/vol) LDAO. This material was further purified on a Fractogel TSK-DEAE 650S column pre-equilibrated with 50 mM Tris-HCl (pH 8.0) containing 0.1% (wt/vol) LDAO. After washing the column with the same buffer plus 0.2 M NaCl (which removes RC, LH1 and some LH2), purified LH2 material was eluted by increasing the salt concentration up to 0.4 M. The prominent colored fractions were pooled and dialyzed overnight against 50 mM Tris-HCl (pH 8.0) containing 0.05% (wt/vol) LDAO.
LH2 complex from Ectothiorhodospira sp. was isolated according to Ortiz de Zarate and Picorel (16) . Chromatophores (OD 857 ϭ 75) in 50 mM sodium phosphate (pH 7.5) buffer were mixed with an equal volume of 1.6% (wt/vol) LDAO in the same buffer and incubated at 4ЊC for 1 h. The suspension was centrifuged at 110 000 g for 90 min, and the supernatant containing the RC-LH1 core was discarded. The pellet was resuspended in 50 mM phosphate (pH 7.5) buffer at OD 857 ϭ 50 and treated with 1% (wt/vol) LDAO for 1 h. The suspension was then centrifuged as above, and the supernatant was recovered for further purification. The pellet was resuspended in 50 mM phosphate (pH 7.5) at an OD 857 ϭ 25 and then treated with 1% (wt/vol) LDAO for 1 h. The resultant suspension was centrifuged as above, and the supernatant was recovered. The two supernatants containing the LH2 complex were pooled and dialyzed overnight against 10 mM Tris-HCl (pH 8.0). The material was then loaded onto a Fractogel TSK-DEAE 650S column pre-equilibrated with 10 mM Tris-HCl (pH 8.0) plus 0.1% (wt/vol) LDAO. The column was washed with 10 mM Tris-HCl (pH 8.0) containing 0.1% (wt/vol) LDAO and 0.1 M NaCl, and the LH2 complex was eluted with a 75-250 mM NaCl linear gradient in the same buffer. The highly colored fractions were pooled and dialyzed overnight against 10 mM Tris-HCl (pH 8.0).
Raman measurements. RR and SERRS spectra were obtained with a Spex Triplemate 1877 triple spectrometer (double filter stage with zero dispersion and a single spectrograph) equipped with a liquid nitrogen-cooled charge-coupled device (CCD) detector (LN 1100 x 330, Princeton Instruments Princeton, NJ). Excitation light was obtained from a Coherent INNOVA 100-K3 Kr ϩ laser (406.6 nm) and from a Coherent CR-599 Dye Laser pumped with a Coherent Innova 200 Ar ϩ laser (590 and 752 nm). The power density at the sample was Յ 1 W/cm 2 for SERRS and Յ10 W/cm 2 for RR measurements. Scattered light was collected in the backscattering geometry with an f/1.2 camera lens.
RR spectra of the complexes were measured from several microliters of the concentrated sample (OD 850 ϭ 10) placed into a small (3 mm) round cavity in a stainless steel holder unless stated otherwise. The holder was immersed into a liquid nitrogen-containing quartz Dewar. Optical densities of the samples were recorded either with a Beckman (Fullerton, CA) DU 640 or a Cary (Varian, Mulgrave, Victoria, Australia) 5E UV-Vis-NIR spectrophotometer in 1 cm path length cuvettes at room temperature. SERRS measurements were obtained from samples adsorbed onto Ag thin-film substrates. The substrates were prepared by vacuum deposition of the metal on chromium-coated glass slides. The Ag surface was electrochemically roughened according to our previous procedure (27) just prior to sample adsorption. After roughening, the substrate was immersed in an LH2 suspension (OD 850 ϭ 2) at 4ЊC for 1-2 min, removed, shaken to eliminate excess sample and then gently dried under a stream of nitrogen gas before direct submersion in liquid nitrogen. SERRS spectra were also collected directly from the samples in liquid nitrogen (28) .
RESULTS AND DISCUSSION
Excitation of LH2 complex from Rb. sphaeroides and Ectothiorhodospira sp. in the Bchl Q x electronic transition generated vibrational spectra with many well-defined bands. Figure 1 shows SERRS spectra in the high-, mid-and low-frequency regions of both LH2 complexes and Bchl all excited at 590 nm. The spectra are very well resolved, especially in the midand low-frequency regions. In the case of Rb. sphaeroides, all strong bands correspond mainly to Bchl a since sphaeroidene (the only carotenoid present in this bacterium when grown photosynthetically under anaerobiosis) absorption is far from resonance with the excitation laser wavelength. In contrast, the high-frequency spectral region of Ectothiorhodospira sp. is dominated by bands from spirilloxanthin (the main carotenoid present in this bacterium) at 1511, 1149 and 1001 cm
Ϫ1
. The fact that the spirilloxanthin absorption bands (457, 486 and 527 nm in LH2) are redshifted compared to the sphaeroidene absorption bands (450, 477 and 508 nm in LH2) allows for more efficient excitation of Raman scattering in the former when excited under preresonance conditions at 590 nm. The high quality of the spectra is mainly due to the SERRS effect associated with the roughened Ag surface (29) . In order to highlight the differences between the three spectra, we have ex- . RR spectra at 77K of (a) LH2 complex from Rb. sphaeroides, (b) LH2 complex from Ectothiorhodospira sp. and (c) isolated Bchl. The samples were prepared as described in Materials and Methods, except that Bchl RR spectra were obtained from free Bchl adsorbed on unroughened Ag surfaces. The concentration of the LH2 suspensions used to prepare the samples was equivalent to an OD of 10 at the B850 band maxima. The power density at the sample did not exceed 10 W/cm 2 , and the excitation wavelength was 590 nm. panded the mid-and low-frequency spectral regions of Fig. 1 in Fig. 2 .
The SERRS spectrum of Rb. sphaeroides (Fig. 2a) is much richer than either that of Ectothiorhodospira sp. (Fig.   2b ) or free Bchl a (Fig. 2c) . A number of bands observed in Rb. sphaeroides, including those at 849, 600, 487, 476, 453, 394, 360 and 220 cm Ϫ1 , are missing in the other two spectra. In contrast, the spectra of Ectothiorhodospira sp. and the Bchl a film are quite similar to one another and exhibit stronger bands at 352 and 287 cm Ϫ1 . The differences between the samples are particularly pronounced in the low frequency region (below 500 cm
) and undoubtedly reflect the stronger interactions of Bchl a with the protein in the LH2 complex from Rb. sphaeroides. Several of the bands that are observed in these spectra have recently been identified and characterized based on isotopic substitution and semiempirical normal coordinate calculations (30) . In these latter studies, near-infrared excitation (within the Q y transitions of the photosynthetic reaction center Bchl or the special pair) was used to obtain the RR spectra, and therefore the spectra cannot be directly compared since the samples and excitation conditions are different. Nevertheless, two of the bands appear to correlate well with those observed in the present study. These bands are at about 166 and 194 cm Ϫ1 and involve in-plane bending of the peripheral substituent groups on pyrrole rings. Both bands are very strong and sharp in the Rb. sphaeroides spectrum, suggesting that the chromophores are highly ordered. A band at 220 cm Ϫ1 is also present in this spectrum (Fig. 2a) but not in the other two (Fig. 2b,c) . The origin of this band is uncertain at present. Weak shoulders are observed in this region in the RR spectra of the LH2 complexes (Figs. 3 and 4) , but the band is not present in the Bchl RR spectrum. Another band near 
cm
Ϫ1 was shown to be sensitive to 26 Mg substitution and was assigned to mixed modes composed of in-plane Mg-N pyr stretching vibrations (30) . It is clearly seen in the Rb. sphaeroides SERRS spectrum (Fig. 2a) .
RR spectra of the LH2 complexes were measured from samples directly immersed in liquid nitrogen (Figs. 3 and 4) . The overall signal-to-noise level in the SERRS spectra was substantially better than that in the RR spectra because of strong quenching (near the metal surface) of the background signal normally accompanying Raman measurements. As a result, good-quality SERRS spectra could be acquired with much lower excitation power and sample concentration than that required for RR spectra. Several differences are apparent from a comparison of the SERRS and RR spectra of both LH2 complexes. Carotenoid bands that are clearly pronounced in the RR spectra of Rb. sphaeroides can barely be distinguished in the SERRS spectrum of this complex (Figs.  1a and 3a) . A similar trend can be seen in the spectra of LH2 from the Ectothiorhodospira sp. The ratio of the carotenoid to the Bchl bands (for example 1511 and 1338 cm Ϫ1 ) in RR spectrum is almost 1.5 times larger than that in the SERRS spectrum (Figs. 1b and 3b ). This indicates that Raman scattering from the Bchl undergoes stronger enhancement relative to that of carotenoid. The difference in the enhancement can be attributed to a specific orientation of the complexes so that the Bchl macrocycles are closer to the surface than the polyene chains of the carotenoids. The same behavior was recently observed for reaction centers from Rb. sphaeroides adsorbed on a silver surface (G. Chumanov and T. M. Cotton, unpublished).
Whereas the RR and SERRS spectra for each complex exhibit similarities, distinct differences can also be clearly noted in the relative intensities of many of the Bchl bands in the spectra. These differences most likely originate from the surface selection rules, in particular, preferential enhancement of SERRS modes normal to the metal surface. In addition, interaction with the metal might also induce some changes in structure that in turn could lead to differences in SERRS and RR spectra. Indications of a weak interaction can be deduced from a comparison of the widths of the Raman bands in the SERRS and RR spectra. Bands in the SERRS spectra appear slightly broader (2-3 cm Ϫ1 ) relative to the same bands in the RR spectra. However, broadening of the same bands in the SERRS spectra of isolated Bchl is much larger, supporting strong interaction with the metal and inhomogeneity of the local microenvironment. Smaller band broadening in SERRS spectra of the complexes indicate that the chromophores remain ''protected'' by the protein matrix, and consequently no protein denaturation takes place during absorption onto the metal surface (see also Picorel et al. [31] ).
A distinct band at 227 cm Ϫ1 in the RR, but not the SERRS spectra, is assigned to peripheral group bending modes as described above for the other two low frequency (166 and 194 cm Ϫ1 ) modes (30) . It is possible that the 227 cm Ϫ1 band is not observed in the SERRS spectra if the Bchl macrocycle is adsorbed flat on the silver surface. Under these conditions the bending modes would be parallel to the surface and not strongly enhanced. However, it should be noted that this band is not observed in the RR spectrum of the Bchl film either. It may be that the 227 cm Ϫ1 band is strongly activated by specific interaction of the peripheral groups of the Bchl macrocycle with the protein matrix. Indeed, it is known that the low frequency region of the heme spectrum of cytochrome c exhibits considerable structure because of this type of interaction (32) . The observed spectral differences described above clearly demonstrate that the mid-and low-frequency spectral regions are rich in features and that their analysis is important to assess low energy modes originating from pigment-pigment and pigment-protein interactions from within the pigment-protein complexes. Thus, the mid-and low-frequency SERRS spectra are very sensitive to the specific microenvironment of the protein matrix surrounding the chromophores.
To confirm the carotenoid band assignment in the highfrequency spectral region made above and to demonstrate that no carotenoid bands are present in the mid-and lowfrequency regions, SERRS spectra were also obtained from pure sphaeroidene and spirilloxanthin (31) in acetone using 590 nm excitation. Sphaeroidene (Fig. 5a ) and spirilloxanthin (Fig. 5b) are the respective carotenoids present in the LH2 complex from Rb. sphaeroides 2.4.1 grown under anaerobic conditions and from Ectothiorhodospira sp. In the case of Fig. 5a , a sphaeroidene spectrum can be seen using 590 nm excitation because the concentration of the carotenoid is much higher than that in Fig. 1a . The spectra show three characteristic main bands because of the CϭC symmetrical stretching ( 1 ), CϪC symmetrical stretching and CϭCϪC bending ( 2 ), and CH 3 rocking ( 3 ) modes in the high-frequency region. However, no carotenoid signals were detected in the mid-and low-frequency regions which makes the interpretation of the LH2 spectra easier in these regions.
SERRS spectra from Rb. sphaeroides and Ectothiorhodospira sp. LH2 complex excited at 752 nm are shown in Figure 5 . SERRS spectra at 77K of (a) sphaeroidene and (b) spirilloxanthin isolated from Rb. sphaeroides 2.4.1 and Ectothiorhodospira sp. chromatophores, respectively. The experimental conditions were the same as in Fig. 1 . The excitation wavelength was 590 nm. Fig. 6c , respectively. The broad underlying features that are apparent in the spectra between 600 and 1200 cm Ϫ1 are due to fluorescence (33) . This excitation wavelength is in resonance with the Q y (0,1) vibronic band of Bchl. Following fast vibrational relaxation, the system reaches the lowest vibrational level and emits at ϳ800 nm. The maximum of this emission coincides with the Q y (0,0) transition in the absorption spectrum of the Bchl within the pigment-protein complexes. The small Stokes shift between the fluorescence and the absorption maxima suggests weak phonon coupling between the Bchl and their environment (i.e. the protein). At the same time, the fluorescence is weak and comparable in intensity to the Raman scattering because of very efficient energy transfer to the 850 nm band of the Bchl in the LH2 complexes (34) , as well as quenching by the anodized Ag electrode surface (33) . The results of subtracting the fluorescence from the spectra in Fig. 6a ,c are shown in Fig. 6b,d . Expanded versions of the LH2 fluorescencesubtracted SERRS spectra in the mid-frequency region are shown for both Rb. sphaeroides and Ectothiorhodospira sp. in Fig. 7a and Fig. 7b , respectively. A SERRS spectrum from purified Bchl a is also presented for comparison (Fig. 7c) . Again, important differences are observed among the spectra in this set. ) is very weak in Ectothiorhodospira sp. The spectrum obtained from purified Bchl a is much less structured than those from the pigment-protein complexes, but two new bands at 860 and 674 cm Ϫ1 appear in the free Bchl spectrum. Although the much lower quality of the spectra in the low-frequency spectral region (Յ500 cm Ϫ1 ) with Q y excitation at 752 nm does not allow us to ascertain convincing differences between the different samples (see Fig. 6b,d) , all of the above data taken as a whole strongly suggest that the Bchl detected within the two LH2 complexes examined are located in somewhat different microenvironments.
In conclusion, the results presented in this paper demonstrate the feasibility of applying Raman techniques in the study of similar types of pigment-protein complexes isolated from different species of photosynthetic bacteria by exciting directly into either the Q x or Q y transitions of the Bchl pigments. Analysis of both the SERRS and RR spectra in the mid-and low-frequency regions shows significant differences between the two LH2 complexes tested, validating the concept that some modes in these regions can reveal specific changes in chromophore microenvironments as a result of different pigment-pigment and pigment-protein interactions. Consequently, this experimental approach provides a new framework for identifying and addressing structural issues associated with these modes complementary to FTIR spectroscopy with the potential advantage of being able to excite directly into the Q x and Q y transitions. It also might be used to characterize photosynthetic pigment-protein complexes that are altered chemically or by site-directed mutagenesis.
